In the ventral spinal cord, generation of neuronal and glial cell subtypes is controlled by Sonic hedgehog (Shh). This morphogen contributes to cell diversity by regulating spatial and temporal sequences of gene expression during development. Here, we report that establishing Shh source cells is not sufficient to induce the highthreshold response required to specify sequential generation of ventral interneurons and oligodendroglial cells at the right time and place in zebrafish. Instead, we show that Shh-producing cells must repeatedly upregulate the secreted enzyme Sulfatase1 (Sulf1) at two critical time points of development to reach their full inductive capacity. We provide evidence that Sulf1 triggers Shh signaling activity to establish and, later on, modify the spatial arrangement of gene expression in ventral neural progenitors. We further present arguments in favor of Sulf1 controlling Shh temporal activity by stimulating production of active forms of Shh from its source. Our work, by pointing out the key role of Sulf1 in regulating Shhdependent neural cell diversity, highlights a novel level of regulation, which involves temporal evolution of Shh source properties.
INTRODUCTION
In the developing ventral spinal cord, Sonic hedgehog (Shh) serves crucial roles in regulating expression of transcription factors that impose neuronal and glial subtype generation at the right time and place. Shh, produced by the notochord and medial floor plate (MFP), forms a gradient (Chamberlain et al., 2008 ) that initially patterns the ventral neural tube into distinct progenitor domains arrayed along the dorsoventral axis (Jessell, 2000) . Nkx2.2, requiring high Shh concentrations for induction, is expressed in the ventral-most progenitors of the p3 domain, which in turn generate V3 interneurons, whereas Olig2, induced by lower Shh concentrations, is expressed dorsally, in the pMN domain, and defines the motor neuron (MN) fate (Ribes and Briscoe, 2009 ). Importantly, the p3 and pMN domains emerge progressively and their order of appearance corresponds with their requirement for increasing activity and duration of Shh signaling (Balaskas et al., 2012; Dessaud et al., 2010; Dessaud et al., 2007; Jeong and McMahon, 2005; Lek et al., 2010; Ribes et al., 2010) . Olig2 expression is initiated before that of Nkx2.2 in the ventral neural tube. Activation of Nkx2.2 in the ventral-most progenitors further downregulates Olig2. How this Shh-dependent sequence of gene expression is regulated over time remains an open question.
After completion of MN generation, Olig2 progenitors change their fate to generate oligodendrocyte precursor cells (OPCs) (Rowitch and Kriegstein, 2010) . Strikingly, this neuroglial switch is also controlled by Shh, responsible at that time for a rearrangement of the ventral patterning, resulting in generation of the p* domain. This domain forms following dorsal expansion of Nkx2.2 expression in Olig2 progenitors in response to a rise in Shh signaling Danesin et al., 2006; Fu et al., 2002; Touahri et al., 2012; Zhou et al., 2001) . At this stage, Nkx2.2 no longer represses Olig2 and their co-expression drives p* progenitors to the OPC fate. We identified the secreted enzyme Sulfatase1 (Sulf1) as a major player in triggering this cell fate change in amniotes (Touahri et al., 2012) . By modulating the sulfation state of heparan sulphate proteoglycans (HSPGs) at the cell surface, Sulf1 regulates interaction of HSPGs with morphogen factors (Ai et al., 2003; Dhoot et al., 2001; Freeman et al., 2008; Lamanna et al., 2007; Meyers et al., 2013; Viviano et al., 2004; Wang et al., 2004) . In Drosophila, Sulf1 has opposing functions, enhancing Hh release from its source and reducing Hh signaling activity in the responding cells (Wojcinski et al., 2011) . In vertebrate spinal cord, Sulf1 only behaves as a positive modulator of Shh signaling (Danesin et al., 2006; Touahri et al., 2012) . Strikingly, the expression of Sulf1 is highly dynamic in this tissue. Its function in triggering the MN/OPC fate switch is related to its upregulation in Nkx2.2 progenitors (Braquart-Varnier et al., 2004; Danesin et al., 2006; Touahri et al., 2012) , suggesting that Sulf1, by lowering the Shh-HSPG interaction at the surface of p3 progenitors, helps to provide higher doses of Shh, free to travel dorsally, to Olig2 progenitors. However, the mechanism by which Sulf1 non-cell autonomously activates Shh signaling has yet to be elucidated.
Before patterning rearrangement, Sulf1 is expressed in the ventral neural tube (Braquart-Varnier et al., 2004; Danesin et al., 2006; Gorsi et al., 2010; Meyers et al., 2013; Touahri et al., 2012) , opening the possibility that it could also influence Shh signaling at stages of patterning establishment. We report that, in addition to its function in stimulating OPC induction, Sulf1 activity is crucial for generation of ventral neuronal subtypes in zebrafish. We show that Sulf1 acts as a temporal amplifier to trigger high-threshold response to Shh and thereby to successively foster ventral patterning establishment and rearrangement. Of importance, we show that Sulf1 regulates the dynamics of Shh signaling by changing the inductive properties of Shh source cells at these two critical time points, and provide arguments in favor of Sulf1 stimulating provision of a biologically active form of Shh.
RESULTS

Sulf1 depletion impairs generation of OPCs and V3 interneurons in zebrafish
To address the role of Sulf1, we used a morpholino oligonucleotide (MO) knockdown approach and a sulf1 mutant background in zebrafish. Two MOs blocking either sulf1 translation (sulf1MO ATG ) or splicing (sulf1MO splice ) were designed. RT-PCR performed on RNA harvested from sulf1MO splice -injected embryos confirmed the efficacy of sulf1 knockdown at least until 72 hours post-fertilization (hpf; supplementary material Fig. S1 ). As similar results were obtained using either MO, used in parallel in all experiments, they are referred to as sulf1MO. Molecular analysis of sulf1 sa199 showed that the point mutation mapping the sulf1 locus in this line resulted in a premature stop codon included in the hydrophilic domain of the protein, required for Sulf1-HSPG interaction Dhoot et al., 2001) .
We first investigated whether Sulf1 is required for OPC generation in zebrafish. Sulf1MO was injected into Tg(olig2:EGFP) embryos in which GFP-positive (GFP+) OPCs can be identified by their morphology and position (Shin et al., 2003) . At 48 hpf, the number of OPCs was significantly reduced in sulf1MO-injected embryos compared with ctrlMO-injected embryos ( Fig. 1A-C) . Similar results were obtained at 72 hpf in Tg(nkx2.2a:mEGFP; olig2:dsRed2) larvae in which OPCs were marked by GFP and dsRed co-expression ( Fig. 1D-F) . We analyzed expression of mbpa, a hallmark of oligodendroglial differentiation (Brösamle and Halpern, 2002) , in sulf1MO-injected and sulf1 sa199-/-larvae. At 72 hpf, sulf1 morphant and mutant larvae had fewer mbpa+ cells than wild-type larvae or sulf1 mismatch-MO-and ctrlMO-injected larvae ( Fig. 1G-M ; data not shown). Of note, reduction in the number of mbpa+ cells was less pronounced in sulf1 sa199+/-than in sulf1 sa199-/-larvae ( Fig. 1K-M) , indicating a gene dosage effect of sulf1, as previously reported in mouse (Touahri et al., 2012) . Thus, similar to in mouse, Sulf1 activity is required for the proper generation of OPCs in zebrafish.
We next addressed the role of Sulf1 on neuronal generation. We first used tal2 expressed in Kolmer-Agduhr (KA) interneurons originating from pMN and p3 progenitors (Huang et al., 2012; Schäfer et al., 2007; Yang et al., 2010) . At 24 hpf, tal2+ neurons were severely reduced in number ( Fig. 2A-H (Fig. 2E,F,H) . We further analyzed islet2a, expressed in primary MNs generated early (13 hpf) from the ventralmost neural progenitors (Appel et al., 1995; Schäfer et al., 2007) , and sim1, detected later in V3 interneurons originating from progenitors expressing nkx2.2a (p3 domain) (Schäfer et al., 2007) . We found that although generation of islet2a+ primary MNs was unaffected, the number of sim1+ V3 interneurons was significantly reduced in sulf1MO-injected embryos ( Fig. 2I-N) , indicating that sulf1 depletion preferentially impairs generation of V3 interneurons. Finally, injection of sulf1MO had no effect on generation of pax2a+ dorsal neurons (Fig. 2O-Q) , position of which but not production of which depends on Shh (England et al., 2011) .
Altogether, our data highlight the function of Sulf1 in triggering OPC production in zebrafish and reveal a novel role for the enzyme in controlling the Shh-dependent generation of ventral neuronal subtypes.
Expression of sulf1 is restricted to Shh-producing cells of the developing spinal cord
To gain insights into Sulf1 function, we compared expression of sulf1 and shh in the embryonic spinal cord. As previously reported (Concordet et al., 1996; Krauss et al., 1993) , shh was expressed in MFP cells as soon as 12 hpf (Fig. 3E) . By contrast, sulf1 expression was not detected at this early stage (Fig. 3A) . It became apparent only from 14 hpf in Shh-expressing MFP cells (Fig. 3B,F ) and its expression was restricted to MFP until 24 hpf (Fig. 3C,G) . Therefore, at stages of ongoing neuronal production (Myers et al., 1986) , sulf1 is upregulated in cells that already express shh and remains restricted to Shh source cells.
Expression of shh is known to expand dorsally as development proceeds to form a novel ligand source, named the lateral floor plate (LFP) (Charrier et al., 2002; Park et al., 2004) . In zebrafish, LFP forms at 36 hpf, i.e. at the onset of OPC generation. At this stage, we found that sulf1 expression also expanded dorsally, into LFP cells (Fig. 3D,H) . Therefore, sulf1 is expressed in Shh source cells at the same stages of OPC generation in zebrafish. This prompted us to examine whether, in chicken, sulf1-expressing cells are also Shh source cells as they stimulate OPC induction (Touahri et al., 2012) . We found that, in chicken, cells of the p3 domain express shh as they upregulate sulf1 (supplementary material Fig. S2A-C) . Importantly, as observed in the zebrafish MFP (Fig. 3) , Shh expression in p3 cells precedes that of Sulf1 (supplementary material Fig. S2D-F) .
Together, these data reveal that Sulf1 is specifically expressed in Shh source cells both in zebrafish and chicken, and that its expression is reiteratively initiated in MFP and LFP cells after shh upregulation. In the following sections, the ventral-most progenitor domain is referred to as the p3 domain prior to shh upregulation and as the LFP once it gains expression of shh.
Sulf1 is required to activate high-threshold response to Shh at the right time and place Our data so far has identified that Sulf1 is involved in controlling generation of V3 interneurons. This prompted us to examine its function in establishment of the p3 domain. Although spatial patterning of the neural tube is known to be conserved in zebrafish (Guner and Karlstrom, 2007) , the temporality of its establishment remains to be explored. We examined the expression time course of olig2 and nkx2.2, named nkx2.2a in zebrafish (Kucenas et al., 2008a) , known to be differentially sensitive to Shh signaling levels in zebrafish (Barth and Wilson, 1995; Guner and Karlstrom, 2007; Park et al., 2002) . As previously reported (Park et al., 2002) , olig2 was expressed from 12 hpf (data not shown). At 14 hpf, the olig2+ domain was in a very ventral location, abutting the MFP (Fig. 4A ). nkx2.2a expression was not detected at this stage ( Fig. 4D ) but became apparent from 16 hpf in cells abutting the MFP as they had downregulated olig2 (Fig. 4B,E) . At 24 hpf, nkx2.2a and olig2 expression defined two adjacent non-overlapping domains, reflecting establishment of the ventral patterning ( Fig. 4C,F) . Therefore, in zebrafish, progressive formation of the p3 and pMN domains occurs between 14 and 16 hpf. Note that this time period immediately follows sulf1 activation in MFP cells (Fig. 3B) .
We next assessed the role of sulf1 on the sequential activation of olig2 and nkx2.2a. We found that olig2 expression persisted at 16 hpf in sulf1MO-injected embryos (Fig. 5A,D) . However, the olig2+ domain did not shift dorsally and this gene continued to be expressed in progenitors abutting the MFP (Fig. 5D ). In agreement, nkx2.2a failed to be upregulated in 16 hpf sulf1 morphants ( Fig.  5B ,E). Therefore, sulf1 depletion interferes with Shh-mediated neural tube patterning by preventing nkx2.2a induction at the proper time. Furthermore, foxa2 expression, a hallmark of MFP and p3 cells at 16 hpf (Schäfer et al., 2007) , was restricted to MFP cells in sulf1 morphants (Fig. 5C,F) , confirming deficient generation of the p3 domain and, of importance, showing that Sulf1 is dispensable for proper formation and maintenance of MFP cells. Moreover, as foxa2 expression in p3 cells but not in MFP cells depends on Shh (Odenthal et al., 2000; Schäfer et al., 2007) , these results argue in favor of sulf1 acting by stimulating Shh signaling.
To determine whether the phenotype of 16 hpf sulf1 morphants reflected only a slight delay in p3 induction, we analyzed sulf1-depleted embryos at 24 hpf. We found that sulf1MO-injected embryos maintained olig2 expression in MFP adjacent cells (Fig. 5G, J) and still failed to upregulate nkx2.2a (Fig. 5H ,K,L; data not shown). To confirm the specific involvement of sulf1, we coinjected sulf1MO splice and sulf1 mRNA and found a significant rescue (51%, n=65) of nkx2.2a expression at 24 hpf (Fig. 5I) . nkx2.2a also failed to be expressed at 24 hpf in sulf1 sa199-/-embryos ( Fig. 5M,N) . Furthermore, 24 hpf sulf1MO-injected embryos also failed to upregulate nkx2.9, specifically expressed in p3 cells (Guner and Karlstrom, 2007; Xu et al., 2006) , whereas pax7a expression in dorsal progenitors and arx, expressed in MFP cells (Norton et al., 2005) , were unaffected (supplementary material Fig. S3 ). This further supports that sulf1 is specifically required for Shh-dependent neural patterning. Together, these data, showing that Sulf1 is required for induction of high-threshold Shh responsive genes, support the view that the enzyme controls the establishment of the ventral patterning by sustaining and/or enhancing Shh signaling activity.
We previously reported that sulf1-deficient mouse embryos express Nkx2.2 and the positioning of the pMN domain at the onset of OPC generation is normal (Touahri et al., 2012) , suggesting either species differences between mouse and zebrafish or a possible restoration of nkx2.2 expression over time. Arguing in favor of a conserved function for sulf1 in controlling patterning establishment, we found that sulf1 is required also in mice for proper formation of the p3 domain as assessed by reduction in the dorsal expansion of the Nkx2.2+ domain at E9.5 in sulf1 -/-mutant embryos compared with wild-type siblings (supplementary material Fig. S4 ). We next monitored nkx2.2a expression at 36 hpf in zebrafish morphants to determine whether its expression had also been restored at initiation of OPC generation. In control zebrafish embryos, the nkx2.2a+ domain expanded dorsally, within the olig2+ domain, establishing conservation of patterning rearrangement and formation of the p* domain ( Fig. 5O,P ; ctrlMO, n=4) . At this stage, we found that sulf1 depletion did not alter positioning of the olig2+ domain (Fig. 5Q) . Consistently, nkx2.2a was expressed in ventrally located cells, indicating that formation of the p3 domain, although delayed (24-36 hpf instead of 16 hpf), had been restored. However, the nkx2.2a+ domain was markedly reduced in size and did not overlap the olig2+ domain (Fig. 5Q,R) , indicating that sulf1 function is also required for formation of the p* domain in zebrafish. However, restoration of the p3 domain at 36 hpf in morphants indicates that Sulf1 function in patterning establishment has been compensated over time.
Together, these data, showing that Sulf1 is required during development for establishment of the ventral patterning at the correct time and, later, its rearrangement, argue in favor of Sulf1 acting as a temporal amplifier to trigger expression of high-threshold Shh responsive genes at two critical time periods of spinal cord development.
Sulf1 depletion impairs Shh signaling levels without disrupting shh expression
We further investigated whether sulf1 controls Shh signaling by regulating shh expression in ligand source cells. We found that, at 16, 24 or 36 hpf, ctrlMO-and sulf1MO-injected embryos expressed similar levels of shh mRNA in the MFP and LFP (Fig. 6A-F) . Similar results were obtained using the Tg(shh:EGFP) line in which GFP expression is driven by shh regulatory regions (Shkumatava et al., 2004) (Fig. 6G-J) . At all stages, expression of patched2 (ptc2), used as a reporter of Shh signaling activity (Concordet et al., 1996) , was severely decreased in both sulf1MO-injected and sulf1 199-/- embryos (supplementary material Fig. S5 ), confirming that sulf1 depletion prevents full activation of Shh signal transduction. Together, these results support a role of Sulf1 in stimulating Shh signaling activity without regulating shh expression, at least at a transcriptional level.
Partial inactivation of Shh signal transduction is sufficient to prevent formation of the p3 and p* domains
We next examined how upregulation of sulf1 in Shh-producing cells contributes to activate Shh signaling. An attractive possibility was that Sulf1 expression in Shh source cells stimulates the release of Shh, thereby promoting the delivery of higher amount of the morphogen. We reasoned that, if bursts of Shh are indeed required for formation of the p3 and p* domains, partial inhibition of Shh signal transduction in target cells, by mimicking reduced levels of Shh, should prevent nkx2.2a upregulation, as observed in sulf1-depleted embryos. To test this, we used cyclopamine, a potent inhibitor of Shh signaling, which acts by antagonizing the Shh coreceptor Smoothened (Smo) (Cooper et al., 1998; Incardona et al., 1998) . As cyclopamine used at 100 μM totally abolishes olig2 and nkx2.2a expression (Park et al., 2004; Stamataki et al., 2005) , we incubated embryos in 5 μM cyclopamine from 14 hpf, when sulf1 is upregulated in MFP cells (Fig. 3) . At 24 hpf, embryos expressed neither olig2 nor nkx.2.2a (Fig. 7A-D) , indicating that 5 μM cyclopamine inhibits Shh signaling below levels required to maintain olig2 and induce nkx2.2a. We then used cyclopamine at 1 μM and observed that embryos still expressed olig2 in cells abutting the MFP (Fig. 7E,J ) but failed to upregulate nkx2.2a (Fig. 7F,K) . Confirming lack of p3 cells at this dose, foxa2 expression was restricted to MFP cells (Fig. 7I,L) . As ongoing Shh signaling is required to maintain olig2 expression (Park et al., 2004) , these results indicate that 1 μM cyclopamine does not totally abolish Shh signaling. Therefore, partial inactivation of Shh signal transduction between 14 and 24 hpf is sufficient to prevent nkx2.2a upregulation in the prospective p3 domain, mimicking sulf1 depletion.
We next monitored the effects of cyclopamine when added at 30 hpf. In agreement with a high level of Shh signaling activity being required to induce OPCs in chicken (Danesin et al., 2006) , incubation of Tg(olig2:EGFP) larvae in either 5 or 1 μM cyclopamine impaired OPC generation at 72 hpf (Fig. 7M-O) . As observed at earlier stages, 5 μM but not 1 μM cyclopamine treatment abolished olig2 expression at 48 hpf (Fig. 7P,R,T) . Instead, and in agreement with Shh being required for nkx2.2 upregulation but not its maintenance Allen et al., 2011) , we found that nkx2.2a was expressed at both doses of cyclopamine (Fig. 7S,U) . However, 1 μM cyclopamine was sufficient to prevent dorsal expansion of the nkx2.2a+ domain (Fig.  7Q,U) . Therefore, partial inhibition of Shh signal transduction from 30 hpf is sufficient to prevent formation of the p* domain at the correct time, while leaving the p3 and pMN domains unaffected, again mimicking sulf1 depletion.
Together, these data reveal that higher threshold activation of the Shh co-receptor Smo is required at the two critical time periods of patterning, i.e. establishment (14-24 hpf) and rearrangement (30-48 hpf), supporting the view that higher amount of Shh ligand must be provided to ventral cells for formation of the p3 and p* domains at the correct time. As sulf1 depletion and partial blockade of Smo activity resulted in similar phenotypes, we conclude that expression of Sulf1, first in MFP cells and later in LFP cells, results in provision of higher amount of Shh to ventral target cells.
Sulf1 regulates production of a biologically active form of Shh from its source cells
To investigate Sulf1 function further, we turned to cultures of chicken spinal cord explants, in which it is possible to see Shh directly in living tissue (Danesin et al., 2006) . In these experiments, we used the 5E1 monoclonal antibody that recognizes the biologically active form of Shh (Ericson et al., 1996) . This conformation-dependent antibody indeed specifically binds to the Shh zinc coordination site, also identified as the binding site for Shh receptors (Bishop et al., 2009; Bosanac et al., 2009; Maun et al., 2010) . We first examined Shh distribution over the culture period, corresponding to the time window of active patterning rearrangement (Fig. 8A,B) . A few hours after plating, equivalent to 4.5 days of development (E4.5) in vivo, 5E1 staining identified immunoreactive punctae concentrated apically at the surface of MFP cells expressing shh (Fig. 8C,F) . Strikingly, the 5E1 immunoreactive form of Shh was not detected in the apical compartment of Nkx2.2+ cells, which are part of the receiving field at this stage (Fig. 8C) . After 2 days in culture, equivalent to E6.5 in vivo, the 5E1 immunoreactive punctae covered a much broader domain, encompassing the MFP and LFP, the latter being marked by Nkx2.2 expression (Fig. 8D,G) . Again, we did not detect 5E1 immunoreactivity at the surface of Shh-receiving cells, as assessed by lack of signal at the apical surface of Olig2+ progenitors (Fig.  8D) . Lack of 5E1 signal in the receiving field might reflect either low amounts of Shh, below the limit of detection, or, as the 5E1 epitope is masked by Shh binding to its receptors (Bosanac et al., 2009; Maun et al., 2010) , inability of the antibody to access its epitope. In support of the latter interpretation, detection of 5E1 immunoreactivity at the surface of LFP cells is temporally correlated with downregulation of the receptor ptc in these cells (Touahri et al., 2012) . In any case, these experiments indicate that 5E1 antibody is an invaluable tool to specifically mark Shh at the apical surface of ligand source cells. We therefore used this experimental paradigm to investigate the possibility that Sulf1 controls Shh production at the source level. To test this, we impaired Sulf1 function using a blocking antibody (αSulf1) or electroporation of a sulf1RNAi expression vector (Touahri et al., 2012) . We found that 5E1 immunoreactivity was still apparent at the apical surface of MFP and LFP cells in explants treated for 2 days with αSulf1 (Fig. 8E) . However, both the density of immunoreactive punctae and intensity of the fluorescent staining at MFP and LFP cell surfaces was markedly reduced (Fig. 8I) . Confirming that shh transcriptional regulation does not depend on Sulf1, expression of shh mRNA was unaffected in these explants (Fig. 8H) . Similarly, expression of sulf1RNAi significantly reduced the 5E1 signal at the apical surface of electroporated cells compared with non-electroporated cells (Fig.  8K-L) , whereas electroporation of a control RNAi vector (gfpRNAi) did not affect this signal (Fig. 8J,J′,L) .
Together, these results, showing that Sulf1 inactivation reduces levels of the 5E1 signal at MFP and LFP cell surfaces, supporting the view that Sulf1 controls production of Shh at the source level. Reduction in the 5E1 signal after Sulf1 inactivation might reflect either a decrease in the total amount of Shh through stimulation of Shh release or a reduction in the 5E1 epitope accessibility because of defective processing of Shh. According to the first interpretation, an enhanced Shh response would be expected, but this is not the case because Sulf1 inactivation instead reduces Shh signaling in this context (Touahri et al., 2012) . Therefore, we favor the second interpretation and propose that Sulf1 contributes to activate Shh signaling by stimulating production of a fully activated form of Shh from ligand source cells.
DISCUSSION
Establishment of gene expression domains in the ventral neural tube is a dynamic process resulting from the sequential emergence, at two critical time periods, of more ventral transcription codes that trigger successive generation of neurons and glial cells. Our work emphasizes the key role of Sulf1 in changing the inductive properties of Shh source cells to promote these progressive processes. We provide evidence that Sulf1 expression in Shhproducing cells is essential for correct activation of high-threshold responses to the morphogen and propose a model wherein temporal evolution of Shh source cells influences the establishment and remodeling of the ventral spinal cord patterning (Fig. 9 ).
Sulf1 triggers Shh-dependent generation of neuronal subtypes and OPCs at two temporally distinct stages
As in other vertebrates, Hedgehog (Hh) signaling in zebrafish is required to specify ventral neurons and, later, oligodendroglial cells. Our results, showing that Sulf1 depletion impairs generation of V3 interneurons and OPCs in the zebrafish spinal cord, confirm its requirement for OPC induction and extend the range of Sulf1 function by highlighting its role also in neuronal production. Strikingly, sulf1 morphants fail to generate V3 interneurons but not primary MNs, both requiring Hh for their specification (England et al., 2011; Huang et al., 2012; Lewis and Eisen, 2001; Mich and Chen, 2011; Park et al., 2002; Pinheiro et al., 2004; Schäfer et al., 2007) . In zebrafish, three distinct hh genes are expressed in different subsets of Hh source cells. In the early neural tube, MFP cells express Shhb (twhh) together with shha, the closest ortholog of the mammalian Shh, referred to here as shh, whereas ihhb (ehh), initially expressed in the notochord, is upregulated in FP cells at stages of OPC induction (Chung et al., 2013; Currie and Ingham, 1996; Ekker et al., 1995; Krauss et al., 1993) . Therefore, at least two distinct ligands are produced in Hh source cells at initiation of sulf1 expression at either neurogenic or gliogenic stages. However, although elimination of all three Hh signals prevents MN generation, sonic-you (syu) mutant embryos, lacking only shh, produce normal numbers of MNs (Lewis and Eisen, 2001; Park et al., 2004) . Therefore, the persistent generation of MNs in sulf1 morphants indicates that Hh activity is not completely abolished and opens the possibility that Sulf1 controls the activity of one particular Hh ligand. In support of this, syu embryos fail to produce OPCs whereas these cells are generated at a normal rate in shhb (twhh) morphants (Park et al., 2004) . However, ihhb has also recently been implicated in controlling OPC generation (Chung et al., 2013) , leaving this question open.
Sulf1 is required over time for neural patterning establishment and rearrangement
In amniotes, establishment of the ventral neural tube patterning depends on exposure to progressively higher Shh concentrations and longer duration of intracellular Shh signaling (Ribes and Briscoe, 2009) . In zebrafish, cell sorting also contributes to refinement of the ventral patterning (Xiong et al., 2013) . Our data show that the temporal sequence of olig2 and nkx2.2 expression in the ventral neural tube is conserved in zebrafish. However, our results reveal that MFP induction and formation of the p3 domain in zebrafish follow different schedules than in amniotes. In chicken and mouse, the ventral patterning is indeed initially influenced by an Shh gradient emanating from the notochord, and shh expression in the prospective MFP is induced secondarily to nkx2.2 upregulation (Chamberlain et al., 2008; Jeong and McMahon, 2005; Lek et al., 2010; Matise et al., 1998; Ribes et al., 2010; Yu et al., 2013) . In zebrafish, shh expression in MFP cells precedes nkx2.2a expression. This is in agreement with MFP induction in zebrafish mainly depending on Nodal, Hh signaling playing a less significant role (Placzek and Briscoe, 2005; Ribes et al., 2010) . Therefore, the Hh source driving patterning establishment in zebrafish is likely to lie in MFP cells. In support of this, upregulation Hh-dependent olig2 in neural plate cells coincides with shh expression in MFP (Concordet et al., 1996; Park et al., 2002) .
Consistent with deficient generation of V3 interneurons, sulf1 depletion inhibits upregulation of nkx2.2a, which is recognized as a high-threshold Hh responsive gene. This phenotype, very reminiscent of that of disp1 and boc mutant zebrafish embryos (Bergeron et al., 2011; Nakano et al., 2004) , highlights the role of Sulf1 in assigning the ventral-most neural identity, acting as an enhancer of Hh signaling. It is noteworthy that sulf1 depletion, although preventing correct temporal activation of nkx2.2a, does not permanently inhibit its expression, which eventually occurs but with a severe delay. Therefore, at the onset of OPC generation, the two adjacent nkx2.2a-and olig2-expressing domains are in place. As treatment of neural cells with low concentration of Shh but for a longer period of time activates the highest levels of signal transduction Dessaud et al., 2007) , one attractive interpretation of this recovery is that prolonged exposure to reduced doses of Hh is sufficient to induce nkx2.2a expression in sulf1-depleted embryos. However, despite restoration of the ventral patterning over time, OPCs failed to be induced in sulf1-depleted embryos because of a defective nkx2.2a upregulation in olig2-expressing progenitors. This is in agreement with our previous data showing that, in chicken, downregulation of Sulf1 just prior to patterning rearrangement prevents formation of the p* domain (Touahri et al., 2012) , supporting the view that the early function of Sulf1 in stimulating Shh activity is not sufficient for this later event. Therefore, Sulf1 is a key player in controlling cell fate diversification, acting as a timer to activate a high-threshold response to Hh at two distinct developmental stages.
Sulf1 acts at the ligand source to stimulate Hh signaling activity in neighboring cells
Our data provided evidence that sulf1 expression is restricted to Hhproducing cells. Therefore, they highlight a novel mechanism involved in the temporal control of Hh signaling, lying at the ligand source. Because in zebrafish extensive cell movements occur in the early neural tube (Xiong et al., 2013) , it is worth noting that sulf1 (Balaskas et al., 2012) . expression in MFP cells starts when these movements slowed down (14/15 hpf) and when a clear gradient of Hh activity is apparent in the ventral neural tube. Therefore, Sulf1 regulates establishment of the ventral patterning when cells have acquired a stable position relative to the Hh source. Importantly, although shh and sulf1 expression patterns have a similar spatial organization, initiation of sulf1 expression is invariably delayed compared with that of shh. In particular, sulf1 upregulation in Hh source cells reiteratively occurs immediately prior to assignment of a nkx2.2a identity to neighboring cells. Furthermore, our data unambiguously show that MFP or LFP formation is not sufficient per se to activate expression of high Hh responsive genes at the correct time; instead Hh-expressing cells must express sulf1 to reach their full inductive potential. Shh is well known to interact with heparan sulfate (HS) chains and to preferentially bind HS chains having a high level of sulfation (Carrasco et al., 2005; Chang et al., 2011; Dierker et al., 2009; Farshi et al., 2011; Zhang et al., 2007) . Therefore, as reported for other signaling molecules (Ai et al., 2003; Freeman et al., 2008; Viviano et al., 2004) , Sulf1 activity is likely to lower Shh-HSPG interaction. An attractive hypothesis is that Sulf1 stimulates Shh signaling by simply promoting release of a diffusible form of Shh free to travel dorsally. Requirement of a greater amount of Shh ligand for correct nkx2.2a induction is indeed supported by our cyclopamine data showing that partial inhibition of the Shh coreceptor Smo, at stages of sulf1 upregulation, is sufficient to prevent nkx2.2a expression. According to this hypothesis, Sulf1-depleted Shh source cells would be expected to retain Shh at their surface as a result of increased abundance of 6O-sulfated HSPGs displaying higher affinity for Shh. However, our data did not reveal such an accumulation and, instead, showed that Sulf1 inactivation reduces the amount of the 5E1-immunoreactive form of Shh. Although these data do not preclude accumulation of an immature form of Shh at the source, they do highlight the involvement of Sulf1 in controlling production of a fully active form of Shh, a process known to depend on HSPGs (Briscoe and Thérond, 2013; Gradilla and Guerrero, 2013; Thérond, 2012) . In agreement with this idea, overexpression of Sulf1, although stimulating Shh signaling, increases the density of 5E1-immunoreactive punctae in the chicken ventral spinal cord (Danesin et al., 2006) . Keeping in mind that the enzyme is secreted and that HSPGs are key players in regulating Shh stability, retention and binding to its receptors (Briscoe and Thérond, 2013; Gradilla and Guerrero, 2013; Thérond, 2012) , the possibility that Sulf1 also regulates signal reception to provide higher level/longer duration of Shh signaling cannot be excluded. However, in Drosophila, when expressed in the Hh-receiving field, Sulf1 does not stimulate Hh signaling, but, on the contrary, reduces the response to the morphogen (Wojcinski et al., 2011) . Accordingly, loss of Shh-HSPG interaction has been reported to reduce Shh signaling potency in vitro (Chang et al., 2011) . These data, together with our present results showing that Sulf1 invariably activates Shh signaling in the neural tube, argue against Sulf1 acting in the immediate environment of Shh-receiving cells.
Overall, our work, by characterizing Sulf1 as a major player in controlling generation of neural cell diversity in response to Shh, highlights a novel level of regulation that involves temporal evolution of Shh source properties over spinal cord development.
MATERIALS AND METHODS
Animals
Animal procedures were performed according to the EC guiding principles (86/609/CEE), French Decree no. 97/748 and the recommendations of the Centre National de la Recherche Scientifique (CNRS).
Zebrafish
Embryos were staged according to standard protocols (Kimmel et al., 1995) . Sulf1 sa199-/-embryos (Zebrafish Mutation Project) were obtained by intercrossing sulf1 sa199+/-carriers. Genotyping was performed using the following primers: 5′-GCCAGATCCCTGTCAGTCGAGTTT-3′ and 5′-TCGAGGCTTACTTGTGGGTGACTT-3′ (Eurofin MWG Operon). Tg(olig2:egfp)vu12 (Shin et al., 2003) , Tg(nkx2.2a:mEGFP) vu17 (Kirby et al., 2006) and Tg(olig2:dsRed2)vu19 (Kucenas et al., 2008b) transgenic lines were used to visualize OPCs. The Tg(shh:EGFP) line (Shkumatava et al., 2004 ) was used to monitor shh expression. Morpholino (MO) and mRNA injections were performed in one-or two-cell stage embryos. The following MOs (Gene Tools, LLC) were used: sulf1MO ATG (5′-AACGCGAATCAG -AAGGTTGGAATCC-3′; 34 ng/embryo), sulf1MO splice (5′-ATTGCATCTG -GTCTACTCACCCAAC-3′; 22 ng/embryo), sulf1 mismatch MO (5′-AACGgGAATgAGAAcGTTcGAATgC-3′; 20 ng/embryo) and standard control MO targeting the human β-globin (ctrlMO, 34 ng/embryo). Rescue experiments were performed by co-injection of sulf1MO splice (22 ng) and sulf1 mRNA (450 pg), as previously reported (Gorsi et al., 2013) . For cyclopamine (Enzo Life Sciences) treatments, embryos (n≥10 for each experimental condition) were incubated in fish water supplemented with the drug.
Whole-mount in situ hybridization (ISH) was performed as described previously (Macdonald et al., 1994) using the following RNA probes: sulf1 (Gorsi et al., 2010) , nkx2.2a (Barth and Wilson, 1995) , nkx2.9 (Guner and Karlstrom, 2007) , olig2 (Park et al., 2002) , plp/dm20 (Park et al., 2002) , foxa2 (Strähle et al., 1993) , shh (Krauss et al., 1993) , arx (Miura et al., 1997) , pax7a (Seo et al., 1998) , ptc1 (Concordet et al., 1996) , pax2a (Pfeffer et al., 1998) , islet2a (Appel et al., 1995) , tal2 (Pinheiro et al., 2004) , sim1 (Serluca and Fishman, 2001 ) and mbpa (Brösamle and Halpern, 2002) . After ISH, embryos were embedded in gelatine/albumin and 10-15 μm sections were cut using a vibratome (Leica VT1000s). Rabbit anti-GFP (1/500, Torrey Pines Biolabs) and Alexa Fluor 488-conjugated goat anti-rabbit IgG (1/1000, Molecular Probes) were used to detect GFP on whole-mount transgenic embryos.
Chicken and mouse
Staging, genotyping and processing of mouse embryos were performed according to Touahri et al. (Touahri et al., 2012) . Chicken eggs were incubated at 38°C and staged according to Hamburger and Hamilton (Hamburger and Hamilton, 1992) . Electroporation of sulf1RNAi (Touahri et al., 2012) and gfpRNAi (Das et al., 2006) expression vectors was performed as previously reported (Touahri et al., 2012) . Organotypic culture of flatmount spinal cord explants was performed as previously described . Sulf1-neutralizing antibody (αSulf1) was used at 1/50 dilution (Touahri et al., 2012) . ISH and immunostainings were performed on 60-80 μm vibratome sections (Braquart-Varnier et al., 2004; Danesin et al., 2006) , using a chick probe for shh (Marigo and Tabin, 1996) and the following antibodies: rabbit anti-GFP (1/500; Torrey Pines Scientific), anti-Olig2 (1/500; Millipore), anti-Sulf1 (1/200) (Touahri et al., 2012) , anti-Shh [5E1, 1/8 (Ericson et al., 1996) ], anti-Nkx2.2 [1/2 (Ericson et al., 1997) ], Alexa Fluor 488, 555 or 647 secondary antibodies (1/500, Molecular Probes). After detection of Shh in living chick explants (Danesin et al., 2006) , tissues were fixed, sectioned and processed for Nkx2.2 and/or Olig2 immunostaining using standard procedures.
Imaging, cell counting and statistical analysis
Images of ISHs were collected with Nikon digital camera DXM1200C and a Nikon eclipse 80i microscope. Fluorescence photomicrographs were collected with Leica SP5 and Zeiss 710 confocal microscopes. Images were processed using Adobe Photoshop CS2. Cells were counted in zebrafish between somites 14 and 18 on at least three embryos from at least two independent experiments. Statistical analyses were performed using the Mann-Whitney U-test. Pixel quantification for 5E1 immunostaining was performed using ImageJ and Excel software. Integrated pixel density was measured on optical sections within a 140×20 μm window including MFP and LFP for αSulf1-treated explants and in a 70×10 μm window positioned over the LFP for electroporation assays. Quantification was performed on at least three tissue slices per explant. For each tissue slice, at least three optical sections (8 μm intervals) were acquired and analyzed. Data are an average of at least five explants from at least two independent experiments. Statistical analysis was performed using the Mann-Whitney U-test for Sulf1-blocking antibody experiments and a Wilcoxon matched paired-test for comparing electroporated and non-electroporated sides of explants. P<0.05 was considered statistically significant.
